). No synaptogyrin I protein positions in the coding region, these exons were tentatively named exons II and III ( Figure 1A ). Using the genowas detectable in the homozygous knockout mice, confirming that we had abolished its expression. Since mice mic clone, we constructed a targeting vector for homologous recombination in which exon II is replaced by a lacking synaptogyrin I were viable and fertile, we bred them against synaptophysin knockout mice that were neomycin-resistance gene cassette for positive selection, and two copies of the HSV thymidine kinase gene generated previously and were also viable and fertile (McMahon et al., 1996) . Double knockout mice were are included for negative selection ( Figure 1A) . Deletion of exon II by gene targeting should abolish synaptogyrin readily obtained in these crossings and were viable and fertile, demonstrating that the combined action of these I expression because exon II encodes two transmembrane domains of synaptogyrin I. Furthermore, if exons genes is not essential for life. We observed no manifest morbidity or mortality up to 24 months of age. Since I and III were joined in the absence of exon II, their junction would be out-of-frame, thereby also leading to large numbers of mice were required for further analysis, we bred the mice in a breeding strategy that provides a null mutant. We transfected the targeting vector into ES cells and selected cells with G418 and FIAU. Analysis for a continuous mixing of the genetic background (Figure 2) . The strategy was designed to avoid brother/sister of double-resistant clones by Southern blotting showed In the F0 generation, five homozygous mutant synaptogyrin I mice were mated with five homozygous mutant synaptophysin I mice to yield a generation of heterozygous mice (F1; 13 females, 10 males). These mice were interbred as indicated under avoidance of brother/sister matings to obtain an F2 generation that included double knockout mice, single knockout mice, and wild-type mice in the indicated numbers in addition to single and double heterozygotes. The heterozygotes were discarded. The homozygotes were used for further interbreeding with at least 10 independent founder mice per genotype. Brother/sister matings were again excluded as indicated for double knockout mice (black full symbols We then measured glutamate efflux under baseline conknockouts do not lead to developmental changes in ditions and after application of short stimulatory pulses brain structure (Figure 3 ; data not shown). For example, of KCl (25 mM) or hypertonic sucrose (0.5 M; Figure 4 ). the hippocampal region was indistinguishable between KCl evoked an increase in glutamate release that was double knockout and wild-type mice; in particular, the absolutely Ca 2ϩ dependent (data not shown). Sucrose aberrant neuronal migration in the dentate gyrus that is had a much more substantial effect, consistent with typically seen in c-fyn knockout mice (Grant et al., 1992) the notion that it efficiently releases the entire readily was not observed (Figure 3) , 1996) , synaptophysin I knockouts also dismal size and appearance could be obtained in the different knockout mice, confirming the biochemical concluplayed no change in PPF ( Figure 5B ). In synaptogyrin/ synaptophysin double knockouts, however, we desion that the basic release machinery is intact in the absence of synaptophysin and synaptogyrin (data not tected a marked impairment in PPF at all interpulse intervals examined ( Figure 5C ). With a 50 ms interval, shown). We then studied the short-term regulation of neurotransmitter release by investigating paired-pulse PPF decreased from a value of 1.50 Ϯ 0.05 (mean Ϯ Figure 7D ). Thirty-five to Knockout Mice Repetitive stimulation of synapses leads to a rundown forty minutes after induction, the EPSC recorded in CA1 neurons from wild-type animals was enhanced by 156 Ϯ in the synaptic response, especially if performed under conditions of high release probability. This rundown may 2% (n ϭ 3 mice, seven slices). In contrast, we observed an increase of only 113 Ϯ 3% (five mice, eleven slices) reflect a depletion of vesicles available for release and/ or an active depression of the release probability in double knockout animals (t ϭ 1.41; p Ͻ 0.0001).
One concern in the analysis of LTP in knockout mice (Rosenmund and Stevens, 1996; Wu and Borst, 1999). In rab3A and synapsin knockout mice, we observed is that a global change in synaptic transmission and/or strain-specific background effects may influence LTP changes in the regulation of release that cause a large enhancement in synaptic depression (Geppert et al., to the point that significant but biologically meaningless changes arise. However, previous analyses of other Rosahl et al., 1995) . To determine if the synaptogyrin/synaptophysin knockouts exhibit similar knockout mice that have major changes in synaptic plasticity, such as the knockouts for rab3A or synapsins changes, we examined their responses to repetitive stimulation. Single knockouts of either synaptophysin I (Geppert et al., 1994; Rosahl et al., 1995), uncovered no changes in LTP. Furthermore, direct comparison of the or synaptogyrin I had no effect on synaptic depression, as would be expected from the moderate changes in magnitude of LTP induced in this laboratory in various -dependent short-term synaptic plasticity observed in these mice. was unexpected in view of the changes in PPF, PTP, and LTP found in these mice. We measured no enhancement in synaptic depression in the double knockouts in Probability of Transmitter Release Is Normal in Synaptophysin-and Synaptogyrinnormal extracellular Ca 2ϩ (2.5 mM) or when the probability of transmitter release was enhanced by elevated conDeficient Mice One mechanism that might explain the reduction in PPF, centrations of extracellular Ca 2ϩ (5.0 mM; Figure 8D ). Synaptic depression is thought to reflect, at least in part, PTP, and LTP upon deletion of synaptophysin I and synaptogyrin I is that the deletion increases the probabilhow quickly a synapse becomes depleted of vesicles. Thus, it appears that the kinetics of vesicle cycling is ity of transmitter release. The enhanced release probability would occlude the subsequent potentiation of synrelatively unchanged. However, the time taken to recover from synaptic depression after high-frequency aptic transmission by forms of synaptic plasticity that involve an increase in the probability of release, such as stimulation was prolonged in the double knockout compared to wild-type mice ( Figure 8E ), particularly in ele-PPF and PTP (Zucker, 1989 ; Kullmann and Siegelbaum, 1995). To examine this possibility, we evaluated the revated external Ca 2ϩ concentrations when release probability is high ( Figure 8F ). Recent results indicate that the lease probability in the synaptogyrin/synaptophysin double knockout mice with the MK-801 method. This recovery from short-term synaptic depression is a Ca 2ϩ -regulated process akin to short-term synaptic plasticity method measures the rate of blockade of the NMDA (Figure 8) , the release probability is unchanged in the The adenosine receptor antagonist clearly led to a synaptophysin/synaptogyrin double knockout mice. In marked increase in the rate of MK-801 block, which was order to confirm that the MK-801 method can actually associated with a 50% decrease in the amount of PPF. detect changes in release probability in our slice experiments, we used two independent procedures known to Thus, we conclude that the deletion of synaptotagmin I and synaptophysin I does not significantly alter the basal probability of transmitter release. What is the mechanism of action of synaptophysin I and synaptogyrin I in synaptic plasticity? One hypothesis is that these proteins directly participate in establish- rection or degree of synaptic plasticity elicited by a given pattern of synaptic activation (Abraham and Bear, 1996), and our data are entirely consistent with changes in of synapses. Based on this idea, we set out to test if such processes. double knockouts in synaptophysin I and synaptogyrin An alternative explanation for the decreases in PPF, I may give rise to a phenotype that reflects essential PTP, and LTP in the double knockout mice is that delefunctions performed by both proteins. tion of synaptogyrin I and synaptophysin I increases Our results show that synaptogyrin I single knockout the probability of neurotransmitter release. Short-term mice, similar to synaptophysin I knockout mice (McMasynaptic plasticity (PPF and PTP) is thought to be due hon et al., 1996), exhibit few changes in overall brain to an enhancement of the probability of release (Zucker, structure or function. The only detected phenotype was 1989), and it is at least possible that LTP also involves a moderate decrease in PTP, indicative of a role for a presynaptic increase in release probability, although synaptogyrin I in presynaptic regulation. The synaptothis is controversial. Thus, the decreases in PPF, PTP, gyrin/synaptophysin double knockout, however, disand LTP in the double knockout mice could, in principle, played major changes in the regulation of neurotransmitbe explained by an enhanced initial probability of transter release that are summarized in Table 3 . Short-term mitter release (e.g., see Bolshakov and Siegelbaum, (PPF and PTP) and long-term synaptic plasticity (LTP) 1995). This simple explanation, however, is not consiswere impaired (Figures 5-7) . The large decrease in LTP tent with three of our results. First, the lack of a change in the knockouts was not a secondary consequence of short-term synaptic depression in response to highof impaired PTP. Although decreased PTP could have frequency stimulation argues against an increase in release probability (Figure 8 ). Synaptic depression is caused insufficient induction of LTP, a defect in LTP thought to result from the depletion of releasable synapidentify here uncover a major regulatory role. The pretic vesicles and a Ca 2ϩ -dependent decrease in release cise nature of this function is unclear, and future studies probability (Wu and Borst, 1999). The steady-state exwill have to elucidate its molecular mechanism. One tent of depression presumably reflects the steady-state plausible model for the role of synaptogyrin I and synapbalance between the probability of vesicle release and tophysin I in synaptic plasticity is that they are targets the rate of vesicle recycling. An enhanced probability for the regulation of transmitter release by tyrosine phosof release should increase the rate and extent of depresphorylation. Tyrosine phosphorylation has been implision, which was not observed. ous forms of tyrosine kinase-dependent regulation of probability, then this probability would have to be insynaptic transmission are indeed defective in the mutant creased by more than 75% over its initial value. Howmice. Furthermore, it will be important to elucidate ever, we detected no change in the rate of MK-801 whether synaptic plasticity in the mutant mice can be blockade in the knockout animals, while this rate was rescued by knock in of synaptophysin or synaptogyrin significantly enhanced in control experiments in which mutants that are lacking the normal sites for tyrosine the release probability was increasing pharmacologiphosphorylation. cally (Figure 9 ). Third, biochemical glutamate release measurements also failed to detect an increase of release under regular stimulation conditions. Together, The EPSC amplitudes were measured as the difference between the mean current during a prestimulus baseline and the mean current over a 2 ms window at the peak of the response. The holding potenImmunoblotting Experiments tial was Ϫ70 mV. For LTP induction, the CA1 neuron was voltage Brains were homogenized in 10 volumes of PBS with 5 mM EDTA clamped at ϩ10 mV for 40 s, during which time the Schaffer collatand 0.1 mM PMSF on ice. An aliquot was removed for protein meaeral/commissural fiber input was stimulated at 2 Hz. For the measurement using a BIORAD Coomassie kit while the rest of the hosurements of release probability using MK-801, slices were bathed mogenates were mixed with 2ϫ sample buffer (Laemmli, 1970) 
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